Jet engine manufacturers have known for some time that mixer design has a strong influence on jet noise, but the correlation is unclear. We utilize Reynolds averaged Navier Stokes (RANS) solutions to investigate the suitability of various jet mixer geometries in reducing the far field noise level of internally mixed turbofan engines. This paper analyzes the computed steady state flow field of a mixer for which the far field noise characteristics is known. Inferences are then made as to what correlations can be drawn between the flow structure and the far-field noise generated.
The Effects of Various Mixer Shapes on Jet Noise
Introduction W ITH the introduction of increasingly strict airport noise regulations, jet engine noise has become a focal point of aeroacoustic research. To remain competitive, jet engine manufacturers have spent millions of dollars to reduce their far-field noise emissions. Government agencies will continue their research towards reducing jet engine noise in an effort to improve the quality of life in communities that lie adjacent to large airports. The fact that little is known about the actual mechanism of this turbulent noise generation makes this task all the more difficult.
While there are computational techniques to predict noise from round jets, these techniques and the computational power required to implement them have not yet been developed to the point of usefulness for design applications. Conversely, empirical techniques are easily implemented but often disappointing in their reliability, while testing is quite reliable but very expensive and iterative as a design tool. The most desirable tool (empirical or otherwise) would be an ability to correlate some geometric design feature, flow parameter, or combination thereof directly to the noise generation properties of the jet. Although it is doubtful that any such idealized correlation exists, it is conceivable that qualitative correlations may be drawn between the averaged steady state flow characteristics of the jet and the far field noise emitted. Such a correlation would aid in the development of quieter engines at a reduced design cost.
While this is a very open ended problem, the scope can be reduced somewhat by specifying a particular model of jet engine and varying certain aspects of the geometry in a way that is known to affect the far field noise emitted. For example, the far field noise emitted from small internally mixed turbofan engines as used on regional jet aircraft is quite sensitive to the flow mixer geometry (see fig. 1 and fig. 2 ). With known experimental noise data for several different mixer geometries and the ability to compute a sufficiently accurate flow field efficiently, a study of reasonable scope can be conducted so long as all other variables are held constant. Since the sound emission is assumed to be a function of the flow field structure, and similar flow field structures can be created by dissimilar hardware design, it is reasonable to expect the results of such a study to have a much broader application than the narrow scope of hardware on which the study is based.
The goal is to correlate some readily computable flow field characteristics to far field noise levels for a relatively broad class of engine (internally mixed turbofans with lobe mixers). The scope of the current paper is limited to a single model of internally mixed regional jet engine; and the variable under control is the lobe mixer penetration height. To determine a useful correlation two things must be true. The noise must be a sufficiently strong function of some identifiable averaged flow field characteristic or structure; and the averaged flow field must be computable with sufficient accuracy and efficiency for the applicable flow field data to be available for study.
The main tool available for the computation of complex flow fields is the Reynolds Averaged Navier Stokes (RANS) solver. Modern CFD codes do a reasonable job of delivering steady state solutions, but there are many numerical techniques available and many turbulence models to choose from. There is no guarantee that two different numerical formulations will reach the same solution. Although they are all attempting to solve the Navier Stokes equations, different solvers will have varying amount of numerical dissipation and all turbulence models have strengths and weaknesses. Taking all of the previously mentioned considerations into account, a logical progression of steps necessary to reach the research goal were determined.
1. Select a CFD code based on turnaround time, convergence, and solution quality considerations.
2. Explore the validity and practicality of modern turbulence models for the type of flow being studied, select one or more turbulence models to continue the project with.
3. Determine the degree of grid dependence from test cases and modify the mesh if neccessary.
4. Select the mixer geometries based on experimental noise data. It is desirable that some of the mixers be significantly louder than others.
5. Compute the flow fields for the different geometries. 6. Study the flow fields in detail, paying special attention to vorticity distribution and interaction.
7. Draw conclusions as to any correlations between the flow fields and the noise levels.
8. Determine what work if any should be pursued in the future to further augment or validate the research.
Implementation and results of these steps are outlined in the remainder of this paper. Due to cicumstances outside the authors' control, however, only a single mixer geometry was available for CFD analysis. Noise data and qualitative flow-field information that was obtained for a second mixer has been included when applicable.
Selection of RANS Code
There were two RANS codes investigated for use in this project. The first of these, ADPAC 1 (Advanced Ducted Prop fan Code), was developed for the NASA Lewis (Glenn) Research Center. It is 2nd order accurate in space and is based on Jameson's scheme. 2 The second code, WIND, 3 was developed by the NPARC Alliance, a partnership between the NASA Glenn Research Center (GRC) and the USAF Arnold Engineering Development Center (AEDC) in close association with the Boeing Company. It relies on a second order upwind scheme. The one-equation Spalart-Allmaras model was used for this comparison.
Solution quality was determined to be of utmost importance in code selection. Fig. 3 and fig. 4 compare the vorticity magnitudes of the ADPAC and WIND solutions at the exit plane of the mixer and at the exit plane of the nozzle respectively. The ADPAC solution at the nozzle exit was found to be excessively dissipative, with much of the vortex structure washing out prematurely. Likewise, the temperature and density extremes in the downstream flow were excessively dissipated, with a notable absence of downstream hot flow along the centerline as is observed in experiments. The WIND solution by contrast retained much more pronounced flow features with less dissipation in the downstream region.
Both of the codes were run with local time stepping such that the time step was calculated separately for each cell based on the user specified CFL, and the local velocity and cell volume. This greatly acceler- Density contours of a converged WIND solution (17,500 iterations). ated overall solution convergence, but cells with large volumes and or high velocities converged much faster than the smaller and or lower velocity cells. Fig. 5 and  fig. 6 show the density contours of converged and non converged WIND solutions at a fixed azimuthal position. Because the cells along the bottom of the grid are very small, their convergence lagged behind the rest of the solution. This effect was so pronounced that the downstream convection of flow properties along the centerline was determined the best measure of solution convergence.
Both of the codes were run in parallel using multiple processors, however ADPAC was run on four processors using MPI on an IBM SP2 machine while WIND was run on eight processors using PVM on a LINUX cluster. Compilation issues and machine availability issues made this discrepancy necessary. Obviously this was not an even comparison, but the intent of this portion of the research was not to do an unbiased comparison of code speed. The intent was to select the most efficient and accurate solution scheme possible with the available resources.
After running many cases with both codes, and experimenting with many parameters to accelerate the convergence it was concluded that WIND was more stable for this application and converged to the solution much quicker. The fastest ADPAC solution took approximately five days (10,000 iterations at 45 sec./iteration), while a superior quality WIND solution was available in less than one and one half days, with twice as many processors running. The WIND solution was run for 15,000 iterations using a coars- ened grid of 400,000 grid points (6.5 sec./iteration), before switching to the full grid of 800,000 grid points for the final 2,500 iterations (12.5 sec./iteration).
Because of its superior solution quality, turnaround time, and convergence performance, WIND was selected as the superior code for this application.
Selection of Turbulence Model
The two turbulence models under consideration were the Spalart-Allmaras one equation model 4 and the Menter SST two equation model.
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These two models are the current state of the art for practical engineering applications. One aspect of Menter's model is that it is a combination of the k-ε and k-ω models where the k-ω model is implemented near solid Vorticity magnitude for WIND solution with Menter SST model at mixer exit plane. walls and the k-ε model is implemented away from the solid walls. The k-ω model works well for solid wall boundary layers whereas using thek-ε model away from solid walls overcomes the k-ω model's sensitivity to free stream boundary conditions.
The Spalart-Allmaras model was developed as a cost effective way to solve aerodynamic flow with airfoils as the primary focus. The fact that it was designed with such a narrow focus would suggest that the SpalartAllmaras model may not be ideal for more general flows, this is however not always the case. It is true that the Spalart-Allmaras model typically does a poor job of predicting jets, however it is often noticibly less dissipative than the k-ε model. For the purposes of this study, excess dissipation may smear or wash out the relevant flow structures.
Both of the models were run on the same sixteen zone mesh of 1.7 million grid points. The computations were run in parallel on sixteen LINUX processors. Both of the solutions were completed with a turnaround time of less than one day. The SpalartAllmaras solution required seventeen hours to complete while the Menter SST required nearly twenty hours. We deemed both of these turnaround times as acceptable and decided to base our model selection purely on solution quality.
As expected, the solutions from the two models were similar. After studying the cross sections of the flow, and particularly examining the vorticity magnitudes, the desparities between the two solution became apparent. The Spalart-Allmaras solution was considerably less dissipative than the Menter SST solution. This is readily demonstrated by comparing the cross sections at the mixer and the nozzle exit for the two models. At the mixer the two flows are almost identical in their vorticity magnitudes and distributions, however downstream at the nozzle exit the SpalartAllmaras solution has nearly twice the peak vorticity magnitude and the flow structures are much more sharply defined. This is illustrated by comparing figure 7 and figure 8 with figure 9 and figure 10 . Between the mixer and nozzle exit the streamwise vortex structures are largely diffused with the Menter SST model.
Side by side, the Spalart-Allmaras model appears to have a sharper, less dissipative, and therefore presumably superior solution to that of the Menter SST model. However, such a presumption is incomplete, uninformed, and potentially misleading. Any true validation must include a comparison with experimental data or theory. Figures 11 and 12 compare turbulence intensity and mean axial velocity to experiment. Turbulence intensity is shown only for the Menter SST solution because there is no practical way to extract turbulence intensity from the Spalart-Allmaras model. This data compares fairly well except along the centerline where the computed intensity is a bit low. Figure  12 shows that the mean axial velocies also compare fairly well except along the centerline. Notice that there is an extra area of high velocity in the SpalartAllmaras solution that is not present in the experiment or in the Menter SST solution. It is not completely clear whether this is an erroneus prediction or if the experimental grid was simply too coarse to capture this finer flow structure. Without having additional cases to compare, it is impossible to determine a clear superiority for either turbulence model. Both models were therefore chosen until such a time as more data can be analyzed.
Grid Dependence
Before spending a great deal of time studying any solution it is a good idea to determine the degree of grid dependence. Due to the high cost of increasing the grid resolution, it is not uncommon for large solutions to have some degree of dependence. It is often not practical to refine a grid to the point where the solution does not change any with further refinement. It is, however, always a good idea to compare solutions of different grid refinement in order to determine some measure of the degree of this dependence.
There were three different meshes used in this study. The first mesh had 800,000 grid points and was clearly inadequate for resolving the boundary and free shear layers. The second mesh consisted of 1.7 million grid points and had ten times the solid wall grid resolution of the first mesh. The third mesh was created for a one time run in order to determine grid dependence. It had nearly eight million grid points. Comparing fig. 13 and fig. 14, the qualitative difference between the two is rather insignificant, however the turnaround time increased by a factor of five. Refining the mesh to a perfect solution is clearly not practical. Considering the immense increase in cost for very little gain, the degree of grid dependence was deemed tolerable and the 1.7 million point mesh was chosen for the subsequent studies.
Boundary layer resolution was also studied, and it was found that the y + values at the first point off the wall were on the order of several hundred in some areas. These values are extremely high, even with the implementation of wall functions. White-Christoph wall functions have been used on all of the solutions, and the maximum recommended y+ is 100.
3 The degree of influence that the boundary layer imposes on the macroscopic flow field is not known. Nor is the cost of decreasing the y+ values to acceptable levels known. These issues will be investigated and hopefully resolved in future work.
Lobe Geometries and Effects on Noise
Due to time and resource constraints, only a single mixer geometry was available for the computations performed to this date. From acoustic testing reports however, we know that this is an extremely noisy mixer. The most dominant geometric trait of this mixer is its high penetration. The penetration of a mixer is simply a measure of the radial distance from the peak of the upper lobe to the valley of the lower lobe. Figure 15 compares the sound pressure levels of this 'high penetration mixer' to that of another quieter 'low penetration mixe.' Notice that the high penetration mixer produces more sound at the higher frequencies. This produces a higher tone-corrected perceived noise level (LTPN), which is the measure used in determining aircraft noise ratings. 6 Of course it is not the geometry itself that creates the noise, but rather the flowfield created by the geometry. There may be other geometries with high penetration that are very quiet, while certain geometries with low penetration could be loud. It is also quite possible that two dissimilar geometries could produce similar noise producing flow field phenomena. In this respect, the best way to study the mixer noise problem would be to compare a large number of mixer flow fields and compare with experimental acoustic data. Being able to identify the types of flow field structure and phenomena that create excessive noise is the primary and most challenging goal. Figuring out how different geometric parameters affect the flow field is secondary.
The geometry of the low penetration mixer represented in figure 15 was unavailable in the time frame required for this study, however some details of the flow field are known. The most striking deviation from the high penetration mixer flow field is the location of the streamwise vortices. The vortices created by the high penetration mixer run very close to the nozzle wall. These vortices can be seen interacting with the wall boundary layer and this action continues shortly after the nozzle exit with some interaction with the free shear layer of the jet. The vortices created by the low penetration mixer do not interact with the nozzle walls to any large degree, but they may have some interaction with the free shear layer further down stream. It is unknown how or if these vorticity interactions are contributing to the jet noise, but these are the types of flow structures that may be of significant importance. A larger sample of mixed jet flow fields will be examined in the near future. 
Conclusions
At this point, not enough data has been collected to come to any hard conclusions regarding noise sources, however a method for pursuing this goal has been laid out. The flow-field for a noisy mixer has been computed, and this has been qualitatively compared with some known flowfield characteristics of another quieter geometry. At this point, the flow-field analysis has concentrated on vorticity distributions and interactions. This intuitively makes sense because turbulence tends to be more active in areas of high mean vorticity. It is however, very important to keep an open mind and not jump to an premature conclusions at such an early stage of research.
The near term priority is to obtain additional mixer geometries and to gather more data in the form of computed flow fields. This is essential to being able to deduce anything about the relationship between mixer induced flow and noise. Solid wall grid resolution also needs to be addressed. Certainly any vortex/boundary layer would have some dependence on the wall resolution, as would the beginning of the free shear layer near the nozzle exit.
